It is well established that bone responds to mechanical stimuli whereby physical forces are translated into chemical signals between cells, via mechanotransduction. It is difficult however to study the precise cellular and molecular responses using in vivo systems. In vitro loading models, which aim to replicate forces found within the bone microenvironment, make the underlying processes of mechanotransduction accessible to the researcher. Direct measurements in vivo and predictive modeling have been used to define these forces in normal physiological and pathological states. The types of mechanical stimuli present in the bone include vibration, fluid shear, substrate deformation and compressive loading, which can all be applied in vitro to monolayer and three-dimensional (3D) cultures. In monolayer, vibration can be readily applied to cultures via a low-magnitude, high-frequency loading rig. Fluid shear can be applied to cultures in multiwell plates via a simple rocking platform to engender gravitational fluid movement or via a pump to cells attached to a slide within a parallel-plate flow chamber, which may be micropatterned for use with osteocytes. Substrate strain can be applied via the vacuum-driven FlexCell system or via a four-point loading jig. 3D cultures better replicate the bone microenvironment and can also be subjected to the same forms of mechanical stimuli as monolayer, including vibration, fluid shear via perfusion flow, strain or compression. 3D cocultures that more closely replicate the bone microenvironment can be used to study the collective response of several cell types to loading. This technical review summarizes the methods for applying mechanical stimuli to bone cells in vitro.
Introduction
The human skeleton is constantly subjected to mechanical loading. In the absence of bodily movement, vibrations from the local environment cause low-magnitude mechanical signals in the bone microenvironment. Physical activities such as walking or exercise increase loading by the movement of interstitial fluid within the bone to create shearing forces against cells and deformation of the bone matrix, which leads to both strain and compressive forces. 1 All of these mechanical stimuli are important in regulating the activity of bone cells via mechanotransduction.
Mechanotransduction is the process whereby mechanical stimuli are detected by cells and converted into chemical signals. 2 Localized signaling molecules such as ATP, 3 prostaglandins 4,5 and nitric oxide, 6 to name just a few, are released to regulate and coordinate the response of nearby cells. Osteocytes are regarded as the key mechanosensing cells of the bone that regulate the activity of osteoblasts and osteoclasts. 7, 8 However, in vitro studies have shown that osteogenic progenitors, 9, 10 osteoblasts 3,11,12 and osteoclasts 13, 14 are capable of responding to loading. The changes in bone formation induced by mechanotransduction are termed adaptive remodeling. 8 The aim of an in vitro loading model is to recreate the conditions required to engender mechanotransduction in a controlled cell culture environment. The specific objectives may vary from applying physiologically relevant levels of particular mechanical stimulation to exceeding the normal physiological conditions, which may represent pathological or induced states. Vibration is a ubiquitous low-level mechanical stimulus that can be applied at increased levels to human patients using vibrating platforms and this stimulus can be replicated in vitro. 15, 16 Physiologically relevant levels of fluid shear stress (FSS) around osteocyte processes in mature bone are predicted to be 8-30 dyn cm 2 , 17, 18 making anything outside this range potentially pathological. Physiologically relevant levels of substrate strain have been measured as 2000-4000 me, [19] [20] [21] with anything above 5000 me causing periosteal woven bone formation and anything below 200 me (i.e. from microgravity conditions) causing bone loss, 22, 23 although lower strain thresholds may be required for wound healing. The flexibility of in vitro studies allows for entire ranges of physiological and pathophysiological loading states such as these to be investigated.
In vitro studies allow for the investigation of isolated forms of mechanical stimuli, thus comparisons between different types of loading can be made. 3, 24 Also, while bone contains multiple cell types at different stages of differentiation, in vitro models allow for the effects of loading to be studied on individual cell types at specific stages of the differentiation process. 25 A common criticism of in vitro studies is that the substrate and the surroundings of the cell are too different to the bone microenvironment for findings obtained to be relevant. However, advances in cell culture techniques now make it possible to apply loading not just in monolayer but also in 3D cell cultures on scaffold materials that more closely resemble the bone microenvironment. Furthermore, coculture models of osteoblasts and osteocytes have been developed, which will allow for the interaction between these important bone cell types to be studied in response to loading. 26 This technical review will describe optimized techniques for loading bone-derived cells by vibration, fluid flow, substrate strain or compression in monolayer and 3D cultures to provide a concise yet comprehensive guide to bone cell loading in vitro.
Vibration
Vibration is by far and away the most common mechanical stimulus experienced by bone cells on a daily basis.
Low-magnitude, high-frequency vibration is a distinct force event that induces no or minimal membrane strain or fluid shear. 15 Cells are typically seeded into a multiwell plate (precoated with collagen if using osteocyte like cells) and grown to 80% confluence 16 (Figure 1a ). The plate is then attached to a loading rig, which may be commercially available (e.g. Electroforce 3200, BOSE) or adapted in-house (e.g. a vibration platform attached to a shaker, ET-127; Labworks Inc.,Costa Mesa, California, USA 16 ) ( Figure 1b) . Horizontal vibration is applied at 30-90 Hz frequency 15, 16 and no more than 0.3 g, which has been shown to deliver shear stress five orders of magnitude lower than those found in vivo. 16 End points from previous studies have focused on transcriptional changes and secretion of signaling molecules. 16 Specific materials: Commercially bought or custom-adapted loading rig with low-magnitude, high-frequency vibration capabilities.
Fluid flow
Fluid shear stresses are a potent stimulator of bone cells in vitro. Fluid-flow profiles may be steady (continuous flow) or dynamic (either pulsatile or oscillatory), and such oscillatory/dynamic flow profiles mimic the behavior of interstitial fluid flow in the bone. 27 Herein, two methods that provide tightly regulated fluid shear stress (FSS) stimulation are described: a simple 'see-saw' rocking method and the well-established parallel-plate flow system (which includes a brief description of micropatterning for osteocytic cell lines under flow). Both techniques produce oscillatory (dynamic) flow profiles mimicking the behavior of interstitial fluid flow in the bone; however, the range of obtainable shear stresses is lower in the rocking system (potentially relevant to a healing wound or progenitors in the bone marrow 27 ) compared with the parallel-plate system (relevant to mature bone 18 ).
Rocking 'see-saw' culture
The simple rocking 'see-saw' system can produce low-magnitude (e.g. 0.001-0.25 Pa) oscillatory FSS (OFSS) in standard culture dishes. It is a high throughput method allowing testing of large numbers of mechanically relevant parameters simultaneously.
Cells are seeded into the tissue culture vessel (e.g. six-well plate) with sufficient time to attach and proliferate (to subconfluence) before being placed on a rocking 'see-saw' platform with the well plate long axis perpendicular to the direction of rocking (Figures 2a and b ). Precoating culture dish with gelatin (1 mg ml À 1 ) before seeding will greatly reduce detachment of cells because of fluid flow. Activating 'see-saw' rocking motion results in gravitational media movement back and forth across the cells subjecting them to OFSS (Figure 2c ). Media volume should be large enough so as not to expose the cells to air during any part of the cycle. If platform rocker is not high humidity resistant, then rocking can be performed for short bouts (p2 h) outside an incubator. Short bouts of loading (5-120 min) can be applied to measure immediate-early responses, for example, prostaglandin-2 (PGE 2 ) release and osteogenic gene expression. Long-term culture up to 21 days of intermittent rocking fluid exposure (0.5-2 h per day) can enhance osteogenesis and matrix deposition 9 in a range of Figure 1 Vibration in monolayer. (a) Cells are seeded into a multiwell plate and cultured to 80% confluence upon which the plate is clamped into a rig (b) for vibration at 0.3 g and up to 100 Hz, which is sufficient to engender shearing forces without creating fluid shear. 15, 16 In vitro loading of bone-derived cells RM Delaine-Smith et al mature and progenitor cells ( Figure 2d ). For osteogenic progenitor cells, increases in mineral deposition have only been observed when cells were cultured in media containing dexamethasone (Figure 2e ). The characteristic shear stress at the bottom of the dish can be calculated using a lubricationbased model described by Zhou et al. 28 for a rectangular well (Equation (1)) or a circular well (Equation (2)):
where m is the fluid viscosity, y max the maximal flip angle, d the ratio of fluid depth to well length and T the time for one cycle. The magnitude of FSS can be adjusted by altering these four parameters. Computational fluid mechanics have also been used to validate shear stresses in a rocking dish, 29 showing good agreement with the lubrication model. Rocking speed should be controlled to avoid waves. Specific materials: Platform rocker with adjustable speed and angle (optional) (e.g. Stuart), standard culture plates (e.g. six-well plates), gelatin (1 mg ml À 1 ) solution (e.g. porcine gelatin in distilled water H 2 O).
Parallel-plate flow chamber
The parallel-plate flow system is capable of producing welldefined physiologically relevant wall shear stresses in the range of 0.01-3 Pa 1 and therefore has been widely used for studying bone cell responses to fluid flow. The system is capable of applying different fluid-flow profiles, including steady (continuous), pulsatile and oscillatory to a monolayer of cells. Chambers can be made in-house 10 or bought commercially 30, 31 (unassembled or preassembled) ( Figure 3 ).
Cells are seeded onto precoated glass slides and allowed to attach in an incubator before sealing with a silicon gasket using either a polycarbonate distributor (under vacuum) or stainlesssteel/Teflon plates (screws) placed on the top containing inlet and outlet ports ( Figure 3a ). Cells can also be injected or flushed (using low oscillatory flow rates and frequencies) into preassembled chambers. Quartz slides or a quartz chamber window are used to enable sample visualization. 32, 33 Slides are generally precoated with collagen I (B0.1 mg ml À 1 ), fibronectin (B0.05-0.1 mg ml À 1 ) or poly-L-lysine (B0.5-1 mg ml À 1 ) to prevent cell detachment that may result from high peak shear stress. After 24-72 h of no-flow culture (B80% confluence), cells are subjected to fluid flow (normally recirculating) from a media reservoir, typically delivered by a peristaltic (steady) or oscillatory (oscillatory and pulsatile) pump ( Figure 3b ). Laminar flow will cover the chamber, except at the entrances (B1 mm range) where turbulence occurs, and thus analysis of these cells is best avoided. Flow exposure can induce early signaling events in osteoblasts and osteocytes within seconds (e.g. intracellular calcium release 10, 32 ), minutes (extracellular ATP release 3 ) or in the first hour (e.g. nitric oxide and PGE 2 release 24, 30 ). Flow regimens are rarely performed above 24 h (continuous and intermittent). Wall shear stress can be calculated (Equation (3)), where m is the fluid viscosity, Q is the flow rate, b is the flow channel width and h the flow channel height:
To better mimic the in vivo bone cell network topology, 2D micropatterns can be fabricated using microcontact printing and self-assembled monolayer techniques. 34 This is particularly useful for obtaining spatially controlled networks of osteocytic or osteoblastic cells in vitro, unlike the conventional monolayer cultures. These micropatterned surfaces can then be used in a parallel-plate flow chamber to enable the study of fluid-flow-mediated signaling among individual cells and the cell network interaction. 35 Specific materials: Peristaltic pump (e.g. 200 series multichannel cassette pump; Watson Marlow Pumps Group, Falmouth, UK), oscillatory pump (e.g. Ibidi pump system; Ibidi, Munich, Germany), silicon tubing (X0.5 m), peristaltic pump tubing, polypropylene connectors for connecting silicon tubing to inlet/outlet and pump tubing (e.g. elbow and female Luer), media bottle with holes for tubing and air filter, self-assembled chamber, glass slides, for example, quartz, silicon gasket, polycarbonate distributor or stainless-steel/Teflon plates (with inlet and outlet ports), vacuum pump for polycarbonate distributor; screws for plates, commercially available disposable chambers (e.g. 0.4 Â 3.8 Â 17 mm 3 flow chamber; Ibidi (Figure 3c) ), collagen I solution 0.1 mg ml À 1 (e.g. rat tail in 0.1% acetic acid); fibronectin solution 0.5-50 mg ml À 1 (e.g. fibronectin powder from bovine plasma in diH 2 O); poly-L-lysine (0.5-1 mg ml À 1 ) solution.
General points
In both systems, differentiation media are typically added 24 h after seeding or at the onset of OFSS. Cell type, seeding density, number of focal adhesion points and length of attachment time before application of oscillatory fluid flow all influence detachment strength. Chemotransport is also likely to influence cell response to fluid flow. 36 Continuous application of shear stress may lead to cellular desensitization; therefore, periods of rest or low flow may be beneficial. 25 
Substrate Strain
As in other models, the investigation of bone cells' adaptive response to mechanical strain requires quantification of mechanical inputs received by bone in vivo and bone cells in vitro. To ensure that the strain applied to bone cells in vitro is physiologically relevant and comparable to strain received in vivo, electrical strain gauges have been used to validate the direct measurement of surface bone strain in vivo and ex vivo between 2000-4000 me. [19] [20] [21] Described herein are two of the most widely used models, the commercially available FlexCell tension system and the four-point bending model.
FlexCell tension system
A widely used commercially available device to apply strain to cells growing in vitro is the Flexcell FX-5000 Tension System (Flexcell International Corporation, Hillsborough, NC, USA). This device was originally developed by Banes et al. 37 and consists of a computer-controlled vacuum unit and a baseplate to hold flexible silicone rubber-bottomed culture dishes ( Figure 4a) . Briefly, bone primary cells or cell lines are cultured onto culture plates (compatible plates: BioFlex, Tissue Train, UniFlex, HT BioFlex; Flexcell International Corporation) with appropriate culture media and serum. Upon confluence, plates are placed in each baseplate well and a defined static or variable
In vitro loading of bone-derived cells RM Delaine-Smith et al duration cyclic tension is applied using the FlexSoft FX-5000 software (Hillsborough, NC, USA), supplied with the system. This is achieved as a vacuum is repeatedly applied to the dishes via the baseplate. The membrane stretches downwards and deforms into a concave shell, and upon relaxation of the pressure, the membrane returns to its original flat shape. Typical (2)) that is oscillatory in nature (c) is produced across the well bottom (x/L is a point in space along the well bottom, where x/L ¼ 0.5 is the center) at different points in the cycle. [26] [27] [28] Matrix production is enhanced by 'see-saw' rocking in osteogenic progenitor cells. (d) Second harmonic generation imaging shows increased collagen deposition/organization by human dermal fibroblasts (hDFs) and human embryonic stem mesenchymal progenitors (hES-MPs) subjected to OFSS versus static (no-flow) conditions. (e) Mineral deposition is increased by OFSS stimulation compared with static culture, but only in osteoinduction groups. BM, basal media; OIM, osteoinduction media; OM, osteogenic media. 9, 28, 29 In vitro loading of bone-derived cells RM Delaine-Smith et al parameters vary from 0.05 to 1 Hz and 1 to 12% uniaxial strain (up to 120 000 me). [38] [39] [40] The concave nature of the FlexCell engenders heterogeneous strain 38, 41 and the viscoelastic properties mean that specific calibration curves must be determined for each test. 42 Specific materials: Flexcell FX-5000 Tension System (Flexcell International Corporation); BioFlex, Tissue Train, UniFlex or HT BioFlex culture plates (Flexcell International Corporation).
Four-point bending model
Four-point bending rigs have the advantage of providing uniform strain. 11 Previous studies reported that 3400 me was required to trigger cellular responses in a four-point bending model, and, more recently, a dose-response study using the same model reported that strain magnitudes o3400 me were not sufficient to increase proliferation in response to the application of strain in vitro. 12 Four-point bending devices can be purchased commercially or made in-house. In both cases, they usually consist of a tray of wells, each containing steel bars, which lay towards the end of the well (Figures 4b and c ; custom-made four-point bending system designed by Professor Lennart Stromberg (Karolinska Institute, Solna, Sweden)). Briefly, primary bone cells or cell lines are seeded onto sterile tissue culture-treated plastic slides (Nunc, Dossel, Germany) and maintained for 24 h before loading and before being transferred to a loading tray with 11 ml of culture media. The tray is inserted into a custom-made metal jig that is under the control of a motor that moves the lid up and down (Figure 4b) . The structure of the lid includes protrusions that apply pressure on the extreme ends of the slide when the motor is turned on. As the contact points of the lid lie distal to the contact points of the metal bars in the trays upon which the slides rest, downward pressure of the lid results in four-point bending of the slide (Figure 4c) . The jig is controlled by computer software (Servo Systems Co., Montville, NJ, USA), which regulates both the timing of load and the load parameters (strain cycle frequency and number; the extent of movement of the lid), thus controlling the deformation of the slide, and subsequently the strain imparted to the slide containing the bone cells. The jig apparatus is maintained in an incubator at 37 1C and 5% CO 2 , so that the cells are not stressed by fluctuations in temperature or pH during four-point bending.
The protocol for loading osteoblasts has been optimized so that physiological levels of strain [19] [20] [21] can be applied to cultured cells in vitro. The optimized protocol for loading osteoblasts has a waveform in each strain cycle that consists of a tamped 1 Hz square wave, with strain rates on and off of 23 000 me s À 1 generating a peak strain of 3400 me. The on dwell time for each cycle is maintained at 0.4 s, whereas the cycle number per second is controlled by off dwell time, which was maintained at 0.75 s. The strain treatment period lasts for 10 min, following which slides are transferred to a four-well dish and incubated in the media from the loading tray. Osteoblast cultures subjected to substrate strain in this model exhibit increased proliferation, 43 PGE 2 release, 4 ATP release and changes in immediate-early gene expression. 3 In contrast to the effects on osteoblasts, substrate strain decreases proliferation in RAW cells 13 
3D Models for Loading Single-Cell Cultures of Osteoblasts
3D cell culture aims to provide a more realistic spatial environment for cells to provide behavioral queues and form complex tissues with structures similar to those in vivo.
Mechanical loading can be applied to these by different methods, by introducing fluid flow through the constructs (perfusion) or by applying tensional forces/substrate strain or compressive forces to the construct. Mechanical loading is often used in bone tissue engineering to improve the quantity or quality of the extracellular matrix deposited and studies using osteoblasts or their precursors will be covered in this section.
Choice of scaffolding material
When applying mechanical loading to cells in 3D, cells are seeded into a scaffold for culture and subsequent stimulation. The scaffold itself should encourage cell attachment and proliferation, be of a suitable stiffness for the required tissue and have porosity and pore interconnectivity, which allow the flow of nutrients and waste through the scaffold. [44] [45] [46] [47] The stiffness, porosity and interconnectivity also affect the transmission of mechanical stimulation to the cells. For an open porous structure, fluid flow can pass through the scaffold and cause shear stress on the cells. For compressive loading, as well as transmission of forces through the scaffold itself, fluid may also move within the scaffold pores because of the applied loading. For bone constructs, materials including hydroxyapatite (HA) 48 or tricalcium phosphate (TCP) scaffolds, 49 polyurethane (PU) sponges, 50 collagen-based scaffolds 51 and electrospun matrices have been commonly used.
Electrospinning is a simple technique capable of fabricating nano-and microfibrous scaffolds from polymeric solutions that can mimic isotropic and anisotropic ECM fibrous 3D architectures with interconnecting pores and high surface area to volume ratios. 52 Many polymers can be electrospun once dissolved in an appropriate solvent, such as synthetic polyesters and polyethers, or naturally occurring materials, A vacuum underneath the well draws down the rubber seal beneath the FlexCell and in doing so causes stretch to occur beneath the cells. [37] [38] [39] [40] [41] [42] For the in vitro four-point bending jig, (b) osteoblasts were seeded as a monolayer onto the custom-made plastic slides and bathed in media in the jig apparatus housed in a 37 1C incubator with 5% CO 2 . (c) The cells experience a strain of 3400 me over a period of 10 min during which the slide is deformed 600 times. 6, 12, 43, 86, 87 In vitro loading of bone-derived cells RM Delaine-Smith et al such as chitosan or gelatin; the main criterion is that chain entanglement must be obtained in the solution. Polymer solutions are dispensed using a programmable syringe pump through a hypodermic syringe with a blunt tip needle connected to a variable high-voltage power supply (0-30 kV). At critical voltage (voltage required to exceed solution surface tension), solutions project horizontally towards an earthed, variable speed steel rotating drum (10-30 cm away) where continuous non-woven fibers are deposited. To generate scaffolds with no preferred angle of fiber orientation, the collector surface speed should be o1 m s À 1 , and to collect highly aligned fibers, the collector surface speed should be 45 m s À 1 . These fibrous matrices support progenitor and mature bone cell growth and are suitable for dynamic tensile stimulation of cells or perfusion flow cultures. 53 Specific materials: HA-macroporous HA scaffolds with 500 or 300 mm pore size, 4 mm high and 10 mm diameter (BIOCETIS, Boulogne-sur-Mer, France); 48 TCP-cylindrical, porous calcium phosphate scaffold with a 5 mm diameter and a 3.5 mm height (Skelite; Stellar Pharmaceuticals, London, ON, Canada); 49 PU-a polyether PU foam was obtained as a large industrial grade block from Caligen Foam Ltd. (Lancashire, UK); 50 collagen-fabricated in-house, the collagen solution consisted of 70% volume/volume (v/v) vitrogen (3 mg ml À 1 type I collagen; Angiotech BioMaterials Corp, Palo Alto, CA; neutralized to pH 7.0 with 1 M sodium hydroxide), 20% (v/v) minimum essential medium (Sigma, St Louis, MO, USA) and 10% (v/v) FBS (Cambrex, East Rutherford, NJ, USA). 51 
Seeding scaffolds
Cell suspensions are generally introduced into scaffolds in small volumes of media (100-300 ml) added dropwise and left for a few hours to allow cells to attach 50,54 before more media are then added to cover the scaffolds and to ensure cell survival. Dental wire may be used to prevent scaffolds from floating when additional media are added, 50 after which scaffolds are often left overnight 49, 54 or for several days 50 before stimulation is applied (Figure 5a ).
3D vibration
As in monolayer, 3D cultures in collagen-or human bonederived scaffolds housed in culture plates are placed on a vibrating platform for short periods of stimulation at 0.3 g and 30-40 Hz 55, 56 (Figure 5b) . In 3D culture, this has been shown to cause increases in osteogenic gene expression, including alkaline phosphatase, collagen I and osteocalcin over culture of several weeks 55 or several days for vascular endothelial growth factor, osteoprotegerin and fibronectin. 56 
3D fluid flow
As in monolayer, fluid flow affects the activity of osteoblasts in 3D culture systems. Cell-scaffold constructs are usually confined within a chamber such that fluid is forced through the scaffold and past the cells (Figure 5c ). Unidirectional, 57, 58 pulsatile 59 and oscillatory fluid flow 54, 59, 60 have all been tested and are often compared in studies. Physiological FSS on osteocyte processes is estimated to be in the range of 8-30 dyn/cm 2 . 17, 18 The wall shear stress inside a scaffold has been estimated mathematically 61 (Equation (4) ), where t is the shear stress, m is the dynamic viscosity of the culture medium and d pore is the pore diameter. The average fluid velocity inside the scaffold, m scaf , is related to the inlet flow rate (Q), radius of the scaffold chamber (r chamber ) and scaffold porosity (j) as follows:
. Flow rates used in bioreactors are generally low (o1 ml min 1 ) but some studies have used much higher rates (up to 120 ml min À 1 ), particularly when applying dynamic flow 25
Another method of applying fluid flow is the use of a rotating bioreactor. Scaffolds are placed within a larger vessel and are free to move around as the vessel rotates, 62, 63 creating unconfined flow within the constructs; however, flow is not well regulated in this system and as such there is no tight regulation of the forces involved.
3D compression
Compressive mechanical loading applies a load through one surface of a tissue construct to stimulate cells. The 3D construct can be placed between two platens ( Figure 5d ) and subjected to static or cyclic mechanical compression at a specified strain. The use of a load cell allows the monitoring and adjustment of the applied forces, even if the mechanical properties change during the culture period because of extracellular matrix deposition. 48, 50 In direct compression, the material may also be confined or unconfined, 50 the latter allowing the flow of fluid in and out of the construct during loading. This flow of fluid may act like the flow of interstitial fluid within canaliculi during loading of bones in vivo. Many different regimens have been applied, often applying the compressive load through a sinusoidal waveform at a frequency of 1 Hz. 3, 50 The magnitude of compressive loading for the bone is presented as the applied strain and many studies have found favorable results at 5% 50, 64 or 10% 65 strain. Compression is usually applied for several hours and often repeated several times during the culture period. 50, 66 3D tensile strain For the application of tensile forces in 3D, cell seeded constructs (usually made of collagen or silicone) can be fixed by a set of grips on either side of the scaffold and stretched by pulling (uniaxial) the construct 67 (Figure 5e ). As with other methods, tension is applied cyclically (typically 1 Hz) to induce changes within the cells, 51 using strain magnitude (5-10%) similar to compressive loading. 67, 68 
3D Models for Loading Osteocyte-Osteoblast Cocultures
Most 3D models of loading use only one cell type, either osteoblasts or osteocytes. However, as is widely recognized, osteocytes are capable of detecting mechanical stimuli and using this information to regulate osteoblast activity, thus it is important that researchers can investigate these interactions.
In previous studies, cells have not been embedded within a matrix, but instead attached to a scaffold surface and therefore do not accurately capture the environment of an osteocyte within bone. However, these systems have proven the feasibility of reproducing the synthesis of an organized matrix 69 and cell-mediated matrix degradation. [70] [71] [72] Several studies have embedded bone cells within type I collagen gels in an attempt to mimic the bone matrix; [73] [74] [75] This has recently been overcome via a new 3D in vitro osteocyte-osteoblast coculture mechanical loading model, cultured within a custom-built multiwell silicone loading plate, using MLO-Y4 osteocyte-like cells and MC3T3-E1 (14) or MG63 osteoblast like cells. 26 In this model, MLO-Y4 cells were incorporated within rat tail tendon type I collagen gels (2-2.6 mg ml À 1 ) and either MC3T3-E1 (14) or MG63 cells layered on the top. MLO-Y4 cells (1.5 Â 10 6 cells per ml gel) diluted in the culture medium (o10% of total gel volume) were embedded in the collagen and distributed into multiwell plates for polymerization (37 1C, 1 h). MC3T3-E1 (14) or MG63 cells (1.5 Â 10 5 cells per well) in the culture medium were then applied onto the surface of the gel incubated at 37 1C (Figure 6a ). 26 The ratio of osteocytes and osteoblasts was 10:1 to mimic in vivo bone where there are 10 times more osteocytes than osteoblasts. 76 The cells within the model were viable, maintained typical osteocyte morphology and phenotype and appeared to connect to neighboring cells. RNA was extracted separately from surface and embedded cells of cocultures by dispensing 1 ml TRIzol (Invitrogen) onto the surface for 10 s to extract osteoblast RNA, and subsequently dissolving the underlying gel within a separate 1 ml TRIzol aliquot to extract RNA from gel-embedded cells.
To expose 3D cultures to cyclic compression (5 min, 10 Hz, 2.5 N), a 16-well loading plate was developed from solid silicone and with the dimensions of a 48-well tissue culture plate but with a thinner base and a series of holes on each side for attachment to a BOSE loading instrument via a custom-made device (Figure 6b) , allowing stretching of one side of the plate. The system was validated using Digital Image Correlation, which revealed strains of 4000-4500 me when a force of 2.5 N was applied to the silicone plate. 26 Currently, there are two published devices that are similar to the one developed by Vazquez et al. 77, 78 These are a six-well silicone plate used to mechanically load vascular smooth muscle cells in monolayers, 78 and a single-well silicone plate designed to load 3D collagen cultures of intervertebral disc cells. 77 Both devices applied cyclic mechanical stimuli in a similar manner to the device described by Vazquez et al., but instead used higher strains and lower frequencies (24 h, 0.1 Hz, 10 000 me; 77 6-72 h, 1 Hz, 10-20% strain). 78 Using the device by Vazquez et al., it was shown that embedded osteocytes respond to loading by increasing PGE 2 release 0.5 h post-load, and that loading of 3D cocultures increased type I pro-collagen synthesis, a marker of bone formation. 26 This coculture model allows the formation of a 3D osteocytic network in vitro, which can be exposed to loading stimuli, facilitating the elucidation of osteocyte-controlled osteoblast bone formation as a result of mechanical loading.
Specific materials: Custom-built multiwell silicone loading plate, 26 2-2.6 mg ml À 1 type I collagen gels (rat tail tendon type I collagen in acetic acid (Sigma) mixed 4:1 with 5 Â MEM (Invitrogen) containing 11 g l À 1 sodium bicarbonate and neutralized (1 M tris(hydroxymethyl)aminomethane (Tris) base, pH 11.5)). 64, 65 or (e) strain. 67, 68 In vitro loading of bone-derived cells RM Delaine-Smith et al A summary of the mechanical stimuli described is provided in Table 1 .
Discussion
In this paper, we have described the methods for the in vitro replication of the main forms of mechanical stimuli found within the bone microenvironment in vivo. Each in vitro model brings its own benefits: vibration and fluid flow in monolayer are tightly controlled systems, each focused on a single form of mechanical stimulus; substrate strain more closely represents the situation in bone in vivo where strain and strain-induced flow coexist; 3D models more closely resemble the bone microenvironment compared with cell monolayers, and cocultures allow the interactions that exist between cell types to be studied.
The effects of multiple forms of mechanical stimuli upon early signals from SaOS-2 osteoblastic cells have been compared within a single study. 3 ATP release was rapidly increased in response to fluid shear (to 23 dyn cm À 2 ) with elevated responses in 3D. In monolayer, strain engendered by four point bending led to gradual increases in ATP release (at 3400 me), however, in 3D, there were few effects of compressive loading (and associated strain), suggesting that the PU scaffold used Fixing pins Support rollers Figure 6 Coculture preparation and compressive loading. (a) Collagen mix is prepared and added into wells. MLO-Y4 cell suspension is mixed with collagen that is allowed to polymerize with incubation. MC3T3-E1 cell suspension is added to the surface of the gel followed by incubation for up to 7 days. (b) Cocultures are then loaded via a 16-well silicone loading plate of the same dimensions (10 mm diameter) as a standard 48-well tissue culture plate but with a 150-mm-thick base and with holes for its attachment to a BOSE loading instrument. The collagen gels are contained in the wells of the silicone plate, and the entire plate is stretched to apply a strain to the gels. 26, 70, 76, 77 Abbreviation: 3D, three dimensional.
In vitro loading of bone-derived cells RM Delaine-Smith et al was not transducing the compressive force in such a way that SaOS-2 cells could detect. 3 This comparison demonstrates that one cell type may exhibit specific responses to different mechanical stimuli. The responses to compressive loading were in contrast to other studies using the same scaffold material but different osteoblast-like cells where osteogenic responses were engendered. 50, 79 This demonstrates that even similar cell types can exhibit different responses to the same mechanical stimulus. When designing an in vitro loading experiment, it is important to take into account the specific cell line being used, the mechanical stimulus and the substrate. Despite osteocytes being regarded as the primary mechanosensors of bone, most previous studies have used osteoblasts. 8 One reason for this is because primary osteocytes are so difficult to isolate and culture owing to their position within bone. To date, only chick, 80,81 mouse 82-84 and rat 85 primary osteocytes have successfully been isolated using sequential bone digestion. The yield of live osteocytes after digestion is low and they do not proliferate in culture, limiting their use for experimental procedures. As this paper shows, even in the absence of osteocytes, osteoblasts still respond to an array of mechanical stimuli in vitro. Models such as the 3D osteocyte-osteoblast coculture 26 will improve our understanding of the combined response of these cells to loading.
Although the response of osteoblasts and osteocytes in response to loading appears to be reasonably well understood, or at least is gaining traction, there is a distinct lack of data on the effect of loading upon osteoclasts. RAW cells and primary osteoclasts have been cultured on plastic substrates and subjected to substrate strain which led to decreased proliferation. 13, 14 However, such substrates do not allow osteoclasts to resorb and as such it is difficult to assert that osteoclasts would respond to strain in the same way within the bone microenvironment. Nevertheless, these results do demonstrate that osteoclasts can respond to mechanical stimuli. It is therefore vital that further research focuses on the osteoclastic response to mechanical stimuli.
These findings show that while in vitro loading models have contributed greatly to our understanding of the cellular responses to mechanical stimuli, there is still a wide scope for further investigation. As such, in vitro loading provides a vital array of tools for the bone biologist.
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